Abstract-In this paper, Small planar focal plane array (FPA) for millimeter-wave (MMW) imaging system is realized by adding an extended hemispherical lens to a scanning and focusing system, which is composed of a scanning planar mirror and a focusing parabolic mirror. Firstly, optical path and spot-patterns for different incident angles are calculated and compared without or with an extended hemispherical lens by using ray-tracing method. Numerical results demonstrate that for the small planar FPA the focusing performance can be improved greatly by adding an extended hemispherical lens when the incident wave is unparallel to the z-axis. Secondly, for different incident angles, the contour diagram of electric field in the focal plane of imaging system with extended hemispherical lens is calculated by ray-tracing method and Stratton-Chu vector diffraction integral formula. The numerical results show that the system with extended hemispherical lens has good imaging performance.
INTRODUCTION
Millimeter-wave (MMW) imaging has proven to be a useful technique for penetrating bad weather, seeing through some certain building materials, or detecting concealed articles under clothing. In the last several decades, many MMW imaging systems have been proposed [1] [2] [3] [4] . However, long acquisition times pose serious limitations to the use of MMW imaging. Recently, MMW imaging systems that utilize focal array systems are of particular interest because they can solve the problems of long acquisition times. However, the number of detectors on focal plane, which is very important for the performance of imaging, is limited due to the cost and techniques Fortunately, the scanning system can minimizes the receiver numbers while keep high performance, thus using small receiving arrays combining the mechanical scanning is a feasible method [5] .
Offset parabolic mirror is usually used as energy focusing antenna in multi-beam system. However, due to the characteristics of offset parabolic mirror, the receiving arrays must be arranged on the curved surface, which is a hard work and high-cost [6, 7] . The extended hemispherical lens has properties that if an optical system is designed such that all the rays are being focused to a point, the extended hemispherical lens can be added to the system and all the rays will still focus to a point [8] . Taking use of the properties, we introduce an extended hemispherical lens in our system to construct a small plane array on the extended surface of hemispherical lens. Numerical results show that the imaging system with extended hemispherical lens has good performance. Figure 1 shows the optical path of the imaging system with extended hemispherical lens. Incident plane waves enter from the left and are brought to the parabolic mirror by the rotatable planar mirror, and then the waves are focused on to the focal plane of the imaging system, see Fig. 1 . For incident wave with different incident angles, the planar mirror will scan so that to keep the wave reflected from the planar mirror be focused on to the center point of focal plane. The parabolic mirror is 90 0 offset and the equation is y 2 + z 2 = 4f (f − x), its focus point is on the origin point and the focal length f is 160 mm.
ANALYSIS AND CALCULATION

Geometry of the Imaging System
The diameter of incident diaphragm is 160 mm, and the frequency is 100 GHz. The size of the system is about 400 mm × 600 mm × 160 mm. In this paper, θ x , θ y and θ z are the angles between the incident plane wave and the x-axis, y-axis and z-axis respectively. be greatly improved by using extended hemispherical lens.
Optical Path and Spot-patterns
In Fig. 2 the focusing characteristics of the imaging system for different incident angles without or with extended hemispherical lens are shown respectively. As shown in Fig. 1 , the position of focal (a) (b) (c)
(g) (h) (i) plane for the system without or with extended hemispherical lens is different. From Fig. 2 , it can be seen clearly that if the incident wave is unparallel to z-axis, the focusing performance can The spot-patterns of the imaging system without or with extend hemispherical lens are illustrated in Fig. 3 respectively. The incident wave with different incident angles will focus in the different position on the focal plane. Comparing the two figures, we can find that when the incident wave is unparallel to the z-axis, extended hemispherical lens can decrease the spot-patterns largely, which means the imaging performance will be improved greatly. In the following text, we will calculate and analysis the field on the focal plane of the imaging system with extended hemispherical lens.
Contour Diagram of Electric Field
Using the ray-tracing method and Stratton-Chu vector diffraction integral formula [9] , we have calculated the field distribution on the focal plane of the reverse-microscope system in [10] at X waveband, the parameters are the same as the reference [10] .Our numerical results are compared with the measured result, better agreement has been found as shown in Fig. 4 .
In Fig. 5 , the diffraction pattern for different incident angles are shown when the planar mirror are kept fixedly. It can be seen clearly that the plane wave for different incident angles has its diffraction pattern in the different position of focal plane. The aberration and the difference of peak value of |E x | 2 are very small and can be tolerated. A linearly polarized plane wave with different incident angle corresponds to the different point of the scene. According to these, for the imaging system, we can arrange the detectors in different position of the focal plane to receive the wave emitting from the different point of the scene. Moreover, the diffraction pattern can provide enough information for evaluating the imaging performance and selecting the detector elements.
CONCLUSION
In the present paper, small planar FPA for MMW imaging application is constructed by bringing an extended hemispherical lens into an imaging system, which is composed of a scanning planar mirror and a focusing parabolic mirror. The numerical results indicate that the improvement of the imaging performance can be reached by using the system with an extended hemispherical lens, when compared with the system without an extended hemispherical lens. Our work is very meaningful to design a low-cost and practical system for millimeter-wave imaging.
